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Triple-axis neutron-scattering study of phason dynamics in Al-Mn-Pd quasicrystals
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We present an extensive triple-axis neutron-scattering study of phason hopping in a single-domain sample of
a perfect icosahedral Al70.4Mn8.6Pd21.0 quasicrystal. The quasielastic intensities exhibit important anisotropies.
They are compared with models at various levels of sophistication. This comparison strongly suggests the
occurrence ofsimultaneous correlatedjumps. The important correlations are directed along the threefold axes.
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I. INTRODUCTION: PHASON DYNAMICS

Phason dynamics1–10 plays a key part in the understan
ing of many basic structural and dynamical properties
quasicrystals~QCs!, and have been extensively studied du
ing the last years, both experimentally and theoretically. T
terminology phason was coined by analogy with incomm
surate phases,12,13 but is a priori a misnomer that has to b
handled with circumspection: Although incommensur
crystals and QCs belong to the same family of quasiperio
structures, their topological properties are very different.14 In
the cut-and-projection method, a quasiperiodic structure
obtained by embedding it into a superspace of higher dim
sion, wherein a periodic lattice has been defined. Each in
section between the ‘‘atomic surfaces’’ decorating this hig
dimensional periodic lattice and the physical space yie
one atomic position.16 Incommensurate crystals are obtain
from large continuous components, while it has been sho
that atomic surfaces are generallynot continuous in QCs.
Consequently, aglobal rigid translation of the cut parallel to
itself generates propagating modes~so-called phason modes!
~Ref. 17! in incommensurate crystals, while onlylocal defor-
mations leading todiscrete atomic jumpsare expected to
occur in QCs. That such jumps are now dubbed ‘‘phason
stems from a historical clumsiness, since the word ‘‘phaso
irresistibly conjures up a wrong image of continuous colle
tive modes of atomic motion. This important remark c
almost serve as a definition,15 viz., that one of the hallmarks
of a QC is that it is aquasiperiodic object whose phasons a
not propagating modes.

In view of the importance of phason dynamics for a va
ety of theoretical issues to be briefly underlined below, a
which encompass structure, growth, stability, diffusion p
cesses, and phase transitions of QCs, we have underta
systematic investigation of atomic hopping. We are relat
here the results of a series of triple-axis experiments
quasielastic neutron scattering on a single-grain Al-Mn-
QC.

Phason dynamics is endowed with an important role
theories dealing with the thermodynamical stability of t
structure of QCs. Whatever the option choosen to study
bilization processes, the existence of atomic jumps is a c
PRB 620163-1829/2000/62~10!/6268~28!/$15.00
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cal assertion. In the random-tiling model,18 the existence of a
crystalline ground state is postulated. It is this phase tha
stable at low temperatures. With increasing temperature,
number of phason flips considerably increases and leads
transition to a random QC state. The transition is driven
the very high configurational entropy that can result from
tile flips. A random tiling is thus obtained from a perfect Q
by applying a succession of elementary phason flips wh
do not destroy the long-range quasiperiodic order. On
other hand, in the model of perfect QCs,19 the fundamental
state of the structure~minimizing the free energy! is the QC
state. Real QCs appear as the unperfect realization of
state, and phason defects exist in the structure as natural
chemical disorder or vacancies in a crystal. To explain
existence of such perfect QCs, a special self-diffus
mechanism based on phason jumps has been propose
Kalugin and Katz.20 In fact, there are no local growth rule
for a number of Penrose tilings, which are the core of
conceptual tools on which our comprehension of QCs
been founded.21 One then starts to wonder how they ca
grow to such a high perfection.22 According to the random-
tiling model the answer is that they do contain a lot
disorder.23 Within the model of the perfect QC, defects pr
duced during the growth are rapidly annealed out due to
fast diffusion. Within the model of Kalugin and Katz long
range diffusion can be generated by a domino sequence
large number of local tile reshuffles. A percolation regim
could be reached at high temperatures and lead to an unu
acceleration of the diffusion, deviating from the standa
Arrhenius behavior that is traditionally observed in metal
alloys. Phason-driven diffusion is predicted to dominate
QCs, but the theory does not quantify the relevant tempe
ture range. Moreover, the model stipulates a very low a
vation energy for individual phason jumps, and a possi
transition between a perfect QC and a randomized tiling.24–26

Several aspects of this theory were reproduced in comp
simulations.27–30 However, a steadily increasing body o
macroscopic measurements31–37 of diffusion coefficients in
QCs by tracer methods consistently fails to show any sign
accelerated diffusion below the melting temperature. T
outcome remains the bogey riddle for the theory of Kalug
and Katzsensu stricto.21 In this context, a specific study o
6268 ©2000 The American Physical Society
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the phason jumps is of interest to document the propertie
self-diffusion in QCs.

The existence of two different epistemologies for QCs
the random-tiling model and the perfect-QC model—is n
only rooted in our ignorance with respect to the grow
mechanisms, but also an offshoot of the difficulties enco
tered in giving a complete structural description of these m
terials. The QC structure is globally well described by s
dimensional~6D! quasicrystallography, but an uncertain
remains concerning the Bragg peaks of weak intensi
which in principle should code the fine details of the atom
structure. To summarize the situation: the very high deg
of perfection of last-generation icosahedral QCs remains
tially mysterious, and the problem of unraveling the ex
positions of all atoms is still not solved. Admitting we ca
reach the experimental accuracy required, the determina
of jump parameters~such as vectors and atomic species
volved! could shed some light on the structur
problem19,38,39 by providing crucial tests of the interatom
distances and spatial distributions.

A number of phase transitions24–26 and mechanical prop
erties of QCs have also been related to phason jumps.
fact constitutes a motivation to understand the elemen
jump processes. First of all, the thermal activation of pha
jumps could intervene in phase transitions between QCs
periodic approximants,40–43 as the key move in the atomi
rearrangements that allow one to pass from one structur
another. The mechanisms leading to the formation of m
stable intermediary states most probably also involve mo
fications of the local structure of the materials that are p
son driven. Another possible case in point is the britt
ductile transition44 observed at high temperature.45 The
plastic properties of QCs are drastically modified on incre
ing the temperature: whereas QCs are very hard and britt
room temperature, they behave like remarkably superpla
materials at high temperatures. Phason-based scenarios
been proposed as a rationale that could account for th
amazing properties, but they have not yet been valida
Finally, one has also invoked phason-based scenario
come to grips with some mechanical properties of Q
manifested, e.g., in vibrating-reed experiments.46

Some very preliminary results of this project have be
reported in conference proceedings7 and in a thesis.47 They
are partly superseded by the aforelying presentation. I
first, introductory part of the article~Sec. II!, we justify the
scope of the present triple-axis study by putting it into
technical perspective. From this we will learn what kind
results will be the unique resort of this type of study a
what sorts of questions are better tackled by other exp
mental methods. Also a short description of the basic ju
model is recalled. In Sec. III we briefly review an antholo
of previous results. We will single out just those aspects t
are necessary to provide the reader with some approp
background information. In Sec. IV we start to develop o
experimental line of approach by scouting surveys on t
fronts: We try to gain some insights from a few simp
model calculations and from the results of a reconnaissa
time-of-flight ~TOF! experiment. In Sec. V we give the pro
tocol of the triple-axis experiments. In Sec. VI we give
detailed account of the data analysis, while in the next s
tion we present the experimental results. Section VIII is
of
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voted to the confrontation of these results with a number
models. Finally, we conclude in Sec. IX.

II. TECHNICAL PREAMBLE

A. Experimental technique: Quasielastic neutron scattering

Only a few techniques are actually available to obse
and study atomic jumps: Mo¨ssbauer spectroscopy,2–4 nuclear
magnetic resonance,48,49 and quasielastic neutron scatterin
We mainly performed neutron-scattering experiments,1,5,6

completed by some additional 57Fe Mössbauer
measurements.2 Thermal~or cold! neutrons have energies o
the order of magnitude of the vibrational motion in solid
and constitute therefore the tool of excellence for our kind
study.

The scattering functionS(Q,v) that is measured is the
Fourier transform of spatio-temporal Van Hove50 correlation
functionsG(r ,t) between particles,51,52 whereQ5k i2k f is
the momentum transfer and\v5Ei2Ef the energy transfer
of the neutron. The Van Hovetotal (self-)correlation func-
tions are giving the probability to find a particle at positionr
and instantt if any (the same)particle was situated at pos
tion vector0 at instant 0. They correspond to thetotal (in-
coherent)scattering functions. Atomic jumps are dynamic
processes implying small energy transfers which are ac
sible by quasielastic neutron scattering. The hopping d
tances amount to 1–2 interatomic distances, typically a
Å in icosahedral QCs. Consequently the useful range in
ciprocal space to study jump signals extends well up touQu
55 Å21. A number of models of various degrees of com
plication and sophistication can be used to analyze hopp
signals~as will be discussed later!, but the canonical one—
featuring the jump of a single atom in a double-we
potential—has been successfully applied to analyze all
previous data.51,52 Since there is only one particle, the di
tinction between total and incoherent scattering functio
ceases to exist within this model. Considering two equival
sites separated by a jump vectord and a relaxation timet,
the scattering function is given by

S~Q,v!5
1

2
@11cos~Q•d!#d~v!

1
1

2
@12cos~Q•d!#

1

p

G

G21~\v!2
. ~1!

The first term is a Dirac peak positioned at zero-energy tra
fer, the intensity of which is modulated by the so-called~in-
coherent! elastic structure factor. It corresponds to the sta
contribution of the system, i.e., to the probability that
atom stays in a same site. The second term is also cent
on zero-energy transfer and is the quasielastic Lorentz
shaped contribution arising from the dynamical jump p
cess. Its half width at half maximumG is inversely propor-
tional to the relaxation time of the jump: the wider the sign
the quicker the jump. Its intensity is modulated by the qua
elastic form factor which is the spatial Fourier transform
the dipole produced by putting a Dirac measure in b
minima of the double well and depends on the jump vec
d. It may be noted that the quasielastic structure factor
the elastic structure factor53 obeya sum rule: their sum is a
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constant, viz., 1, such that theQ dependence of one of them
is the opposite of theQ dependence of the other one. Bo
contributions are in practice attenuated by the Debye-Wa
factor and convoluted with the experimental resolution fu
tion. In the case of single-grain QCs, where the signal can
studied as a function of the momentum transfer vectorQ, the
full content of the geometrical information thus lies open
study: the distanceand the orientation of the jump can b
simultaneously obtained. In the case of powder samp
~with no texture!, an average over the isotropic distributio
of all possible grain orientations yields the quasielastic str
ture factorFpowder(Q)5 1

2 @12 j 0(Qd)#, which only depends
on the jump distance. The information on jump orientatio
which would be a critical parameter, e.g., to cross-ch
structural models, is then lost. This remark highlights
importance of a triple-axis study on a single-grain sampl

B. Al-Cu-Fe and Al-Mn-Pd quasicrystals

The first QCs were strongly disordered, exhibiting an i
portant broadening of the Bragg peaks which rendered th
of moderate interest for accurate studies. Nowadays, a
generation54–58 of almost perfect22 icosahedral phases ha
become available. X-ray patterns from Al-Cu-Fe and A
Mn-Pd systems exhibit sharp Bragg peaks, the widths
which are resolution limited. Such QCs are ideal systems
the study of atomic jumps.59 The atomic structures of Al-
Mn-Pd and Al-Cu-Fe are rather similar, with atoms of
playing the same part in Al-Cu-Fe as atoms of Mn in Al-M
Pd, and atoms of Cu the same role as atoms of Pd. Howe
even if both phases are equally perfect and comparable f
the structural point of view, they offer quite different techn
cal possibilities.

~1! Neutron-scattering lengths. One of the unique advan
tages of neutron scattering is that it allows one to exp
strong constrasts that may arise between scattering lengt
different isotopes of the same chemical species. For insta
the contrast between the hydrogen and deuterium cross
tions has been profusively put to profit in studies of orga
systems in soft condensed matter.60 Table I lists the values o
the incoherent and coherent neutron-scattering cross sec
for Al, Cu, Fe, Mn, and Pd.61 We may note that all thes
elements have a negligible incoherent contribution, such

TABLE I. Neutron-scattering cross sections.

Isotope s inc(b) scoh(b)

27Al - 1.495
57Fe 0.5 0.66
54Fe - 2.2
natFe 0.39 11.44
63Cu 631023 5.52
65Cu 0.4 14.1
natCu 0.52 7.49
55Mn 0.6 1.65
105Pd - 4.1
106Pd - 3.8
108Pd - 2.11
natPd 0.09 4.1
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the signals collected in the experiments will predominan
arise from coherent scattering. The Al cross section is v
low, and it is therefore almost impossible to observe Al d
namics by the neutron-scattering technique. This is all
more disappointing as Al makes up for roughly 70% of o
QCs. A strong contrast does exist betweennatCu, 63Cu, and
65Cu, as well as betweennatFe, 54Fe, and 57Fe. For ex-
ample, Cu dynamics in a sample fully enriched in65Cu will
show up with an intensity that is twice as strong as in
sample prepared fromnatCu. Similarly, a sample withnatFe
will enhance the signal from Fe dynamics by a factor o
with respect to a comparable sample based on54Fe. Such
contrasts render isotopic studies possible and very interes
in Al-Cu-Fe: Cu dynamics on the one hand and Fe dynam
on the other can be very well distinguished. The prospe
for squeezing out the same kind of detailed information fro
the Al-Mn-Pd system are looking dim: as Al, Mn i
monoisotopic, and the contrast between the various Pd
topes is not sufficient. A substitution ofnatPd by 108Pd could
be useful, but the prohibitive cost of isotopic enrichme
rules out the feasibility of such a study. In conclusion iso
pic substitution is out of the question within the Al-Mn-P
system, and no direct information about the atomic spec
participating in the jumps can be gained from neutro
scattering experiments. A first possibility one can think of
overcome this drawback would be to check if there ex
alternative techniques that are sensitive to a given elem
such as57Fe Mössbauer spectroscopy to single out the
dynamics or NMR to investigate Al relaxation within th
system. But Pd and Mn do not offer such possibilities. T
second angle of approach consists in the ‘‘poor man
method of comparing systematically the Al-Mn-Pd expe
mental results to those obtained in Al-Cu-Fe and making
structural analogy between the two icosahedral phases.
have used this method frequently as a basis for formula
educated guesses about the identification of the Mn and
jumps. Nevertheless, in order to remind ourselves that su
tentative attribution of a chemical species to a jump can o
take on the status of a weak presumption, we will ad
throughout the article a notation between parentheses:~Mn!,
~Pd!, and~Al !.

~2! Phase diagrams. The second important difference be
tween Al-Cu-Fe and Al-Mn-Pd systems resides in the po
bility or otherwise of growing single-grain samples that a
large enough for neutron-scattering measurements, which
quire volumes of a few cm3. Both the Al-Cu-Fe and the
Al-Mn-Pd phase diagrams are rather intricate,62,63 and the
stability domains of the icosahedral phases are slender. In
case of Al-Cu-Fe, the icosahedral region is not connecte
the liquidus, such that it is impossible to grow a cm-siz
single-grain QC under equilibrium conditions with the rig
stoichiometric composition from the melt. Millimeter-size
samples can be obtained, useful for instance to m
Mössbauer64 studies at dedicated beam lines of thir
generation synchrotron sources, where the high brillia
and the reduced beam size enable one to study the scatt
from tiny samples. But neutron triple-axis experiments a
not feasible with such small QCs. Lograsso and Delane56

have produced large single grains of Al-Cu-Fe, but they
of lesser structural quality. Fortunately, in the case of A
Mn-Pd it is possible to grow large single grains from t
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TABLE II. Summary of atomic-hopping results.

Sample G (meV) Atom Ea (meV) d(Å) Axis References

i -Al62Cu25.5Fe12.5 2.5/4 Fe - - - 2,4,5a,b

i -Al62Cu25.5Fe12.5 55 Cu 750 3.9 - 1c

i -Al62Cu25.5Fe12.5 250 Cu 450 <2 - 1c

i -Al62Cu25.5Fe12.5 900 All - - - 1c

b-Al50Cu25Fe25 - None - - - 1c

i -Al62.5Cu26.5Fe11 64635 ~Cu! - - - 5c,d

r -Al62.5Cu26.5Fe11 64635 ~Cu! - - - 5c,d

a-Al55Si7Cu25.5Fe12.5 - None - - - 5c

i -Al70.3Mn8.3Pd21.4 2.5 ~Mn! - - - 6b

i -Al70.3Mn8.3Pd21.4 200 ~Pd! 270 ? ? 6c,e

i -Al70.3Mn8.3Pd21.4 400 ~Pd! 170 3.8 3 6c,e

i -Al70.3Mn8.3Pd21.4 400 ? 170 ? 3 6c,e

d-Al71Co12Ni17 365 Not Ni 553 <2 - 8c

d-Al71Co12Ni17 150 Ni - - - 8c

Ti45Ni17Zr38H150 140 H 130 <2 - 70,71c,f

Ti45Ni17Zr38D160 140 D 92 <2 - 71f,g

aMössbauer spectroscopy.
bNeutron backscattering~IN16!.
cNeutron time of flight~MIBEMOL !.
dThis sample was obtained once in the rhombohedral and once in the icosahedral phase.
eNeutron triple axis~4F2!.
fNeutron time of flight~TFXA!.
gNeutron time of flight~IN6!.
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liquidus by drawing methods. For this alloy the determin
tion of jump vectors on a triple-axis spectrometer is thus
longer impossible.

~3! Practical consequences. Al-Cu-Fe and Al-Mn-Pd of-
fer some complementary possibilities, which we have use
reach a global coverage of all aspects of atomic hoppin
QCs: isotopic substitution has been performed in the sys
Al-Cu-Fe, where we were restricted to the use of pow
samples. On the other hand, no isotopic contrast is at han
Al-Mn-Pd, but we have been able to make an extens
triple-axis neutron scattering study on large single gra
which we are reporting here. It may be worth noting that
decagonal systems, it has become possible recently to c
bine both approaches in one system: In Al-Co-Ni lar
single-grain samples can now be produced by floating-zo57

or flux-growth58 methods and there are opportunities for is
topic substitutions in the Ni element.

III. SYNOPSIS OF PREVIOUS RESULTS
OF HOPPING STUDIES

In this section we would like to present a short chres
mathy of previous results. The aim is to provide the rea
with some necessary background. The intensities and
widths of the Lorentzian signals that occur in the quasiela
structure factors such as given by Eq.~1! can be studied as
function of Q, temperatureT, and isotopes. TheQ depen-
dence contains information about the geometry of the jum
the T dependence about the energetics of the jumps, and
-
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isotopic dependence about the atomic species involved in
jumps.

The isotopic studies in Al-Cu-Fe by neutron scattering1,5

and by Mössbauer spectroscopy2,4 revealed that Al, Cu, and
Fe are jumping on different time scales. At least four diffe
ent characteristic times have been detected. Each of t
jumps was further documented in terms of itsT and Q de-
pendence.~Some results on approximant phases with natu
isotopic compostions were obtained as well.! All this is sum-
marized in Table II. The prime interest of the isotopic resu
is that they vindicate our interpretation of the quasielas
signals in terms of phason hopping. As this assignment
anathema for a long time,65 it is worth reminding the reade
of its justification. Quasielastic Lorentzian-shaped signals
observed by neutron scattering can in principle arise from~1!
experimental artifacts such as the presence of hydroge
the sample,~2! paramagnetism,~3! an ~exotic! vibrational
density of states,~4! rotational diffusion of molecules,~5!
melting of the sample,~6! translational diffusion, or~7! local
atomic jumps. A number of these possibilities can be d
carded based on specific arguments. E.g., paramagnetis
not probable in our samples since they have been checke
superconducting quantum interference device~SQUID! mea-
surements, which revealed that they were not magne
Moreover, the quasielastic intensity does not follow the
quired typical magnetic form factor. Finally the temperatu
dependence of the quasielastic signals can not be expla
easily in terms of magnetic interactions within the samp
But the isotopic results address almost all the issues~1!–~7!
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6272 PRB 62CODDENS, LYONNARD, HENNION, AND CALVAYRAC
simultaneously. The 55-meV-wide quasielastic signal tha
has been measured in isotopically enriched and nat
samples of Al-Cu-Fe had an intensity that was directly p
portional to thenuclear Cu cross sectionin the sample. It
can thus not be due to hydrogen~which has a different cros
section!, paramagnetism~which should follow amagnetic
cross section!, a density of states, or melting of the samp
~which should involve all atomic species on comparable ti
scales!. Rotational diffusion of molecules can be excluded
physical grounds~viz., binding energies!, such that an inter-
pretation of the results in terms of atomic hopping is the o
possibility left over. It remains at this stage then an op
question whether this hopping entails long-range tran
tional diffusion or otherwise. In view of these arguments t
existence of phason hopping has now been universally
cepted within the QC community65–69 ~see also Appendix
A!.

As mentioned above, the results in Table II can be u
~with due precaution! to develop some sense of the nature
the atomic jumps in Al-Mn-Pd, where similar jump time
have been identified.

Both in Al-Cu-Fe and in Al-Mn-Pd powder experimen
the T dependence of the quasielastic signals systematic
reveals the same unusual behavior. It is equally manifes
the decagonal phase Al-Co-Ni~Ref. 8! and even in the lo-
calized hydrogen dynamics within the compoun
TiNiZr-H.70,71 It has been interpreted in terms ofassisted
hopping. The intensityI of the Lorentzian quasielastic hop
ping signal exhibits an Arrhenius law, while its widthG is
practically constant with temperature. This is the opposite
the conventionally observed temperature dependence, w
it is G that shows an Arrhenius behavior andI that remains
constant withT. This statement applies to both localize
hopping and long-range translational self-diffusion. In R
72 a model for the assistance has been developed and
cussed. In this assistance scenario, the atom that is a c
date for jumping is arrested in front of a ‘‘closed door
~which is typically a high-energy barrier!. The energy neces
sary to open the door is called the assistance energy. O
the door is open the atom can jump lissomely between
two sites of the double well, since now it has to leapfrog o
a very low residual potential-energy barrier. At low tempe
tures, most of the local atomic configurations are lock
When the temperature increases, the assistance mechan
activated, and thenumberof favorable configurations~ex-
cited states where the jump has become possible! increases,
giving rise to an increase of quasielastic intensity. The as
tance energies extracted from the Arrhenius-like plot for
intensities span the range of values from 150 meV to 7
meV, such that they are compatible with assistance me
nisms based on phonons or phason clouds.

IV. PREPARATION OF THE EXPERIMENTS

It is not realistic to begin a triple-axis neutron-scatteri
experiment without some preliminary studies. We ha
therefore based our search strategy on two golden rule
conduct:~a! performing first a global prospecting search
reciprocal space by TOF quasielastic-neutron-scattering
periments on powders and~b! nailing down as much as pos
al
-

e

y
n
-

e
c-

d
f

lly
in

f
ere

.
is-
di-

ce
e

y
-
.

m is

s-
e
0
a-

e
of

x-

sible the signals expected by various model calculations.
will now dwell on both aspects of this preparation.

A. Exploratory TOF survey

~a1! In a triple-axis or backscattering spectrometer t
resolution function has a physical origin, viz., the Bragg
flection from a crystal. Consequently, it is not triangular a
one can hit a problem of ‘‘contamination of the signal b
elastic scattering’’ for small energy transfers, due to the m
saicity of the crystal. This contamination can become a m
jor obstacle if one wants to discern weak signals in the
cinity of strong Bragg peaks. In sharp contrast hereto,
shape of the resolution function of a TOF spectrometer s
as MIBEMOL is triangular as its origin is predominant
geometrical or mechanical. It stems from the passing of
chopper window through the neutron beam. Signal-to-no
ratios S/N of 10 000:1 can be achieved, which means th
signal as weak as 1024 times the elastic peak can be detect
just next to its foot. Such ghostly signals will almost ce
tainly elude detection on a triple-axis spectrometer or o
TOF spectrometer using crystals for energy selection. Th
arguments are illustrated in Fig. 1, which shows the reso

FIG. 1. Comparison of the elastic resolution functions of a nu
ber of instruments designed for inelastic neutron scattering:
time-of-flight spectrometer MIBEMOL~LLB, Saclay!, the back-
scattering spectrometer IN10~ILL, Grenoble!, and the triple-axis
spectrometer 1T~LLB, Saclay!. Note that the two latter~which use
crystals for energy selection! exhibit wings, while a zoom onto the
foot of the resolution function of MIBEMOL shows an almost ve
tical edge, which offers a very precise distinction between ela
and inelastic scattering.
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tion functions for a representative choice of spectrometers
the worst possible case one might even be constraine
work with an oriented single-grain sample on a TOF sp
trometer, sacrificing on theQ resolution.

~a2! A triple-axis spectrometer is also very selective inQ
space. Before zooming into a particular location in recipro
space it is instrumental to take first a global ‘‘picture’’ on
TOF spectrometer in order to get a crude idea on wher
start looking~somewhat in the same way as a powder d
fraction experiment prepares a run on a four-circle diffrac
meter!. This can be already time consuming in its own rig
whereas runs with an incident neutron wavelength of 8
were quite successful in our study of Al-Cu-Fe, they we
not with Al-Mn-Pd,6 and it took patiently varying the rel
evant parameters in order to figure out the proper experim
tal conditions for the investigation of the quasielastic signa
Even if one were looking at the right place, on a triple-a
spectrometer the signal could still be overlooked if the
ergy width of the constant-Q scan were chosen too narro
with respect to the width of the quasielastic signal.

To summarize these two points related to our first rule
thumb: In the initial stages, the serendipity to spot quasie
tic signals will be greatly enhanced by making first explo
atory surveys on powder samples with a TOF spectrome
Without such prior information the whole exercise mig
start looking like a search for the proverbial needle in a h
stack. We have made these prerequisite experiments, an
ported them in Ref. 6. The ensuing results have taught us
following: ~1! The quasielastic intensity is more intense
largeQ. In particular, no signal could be detected belowQ
52 Å21. ~2! The energy scans must cover at least the
terval @20.7,0.7# meV. Indeed two signals have been o
served: a wider one withG15700 meV and a narrower one
with G25200 meV. ~3! The energy resolution has to b
good enough to render the observation of a 200-meV-wide
signal feasible. On the other hand, one will be forced
degrade this resolution when one wants to measure the w
component. To satisfy both criteria the triple-axis spectro
eter has been used in two different configurations~see be-
low!. The best conditions are achieved with final wave v
tors kf51.64 Å21 (DE5100 meV) and kf
51.97 Å21 (DE5200 meV). Keeping the final wave vec
tor constant has the advantage that one works with cons
detector efficiency.

B. Heuristic jump models

Our second golden rule is motivated by the followin
considerations.

~b1! We must insist on the fact that theQ window for the
observation of phason dynamics be dictated by a quasiel
structure factor such as expressed, e.g., in Eq.~1!. The
premise for this statement is the hopping paradigm for p
son dynamics advocated in the Introduction, which has b
firmly established by the previous results of our work,
lated in Sec. III. Searches for phason hopping by de Bois
and co-workers73 on the triple-axis spectrometer 4F2 of th
L.L.B. in Saclay and on the backscattering spectrome
IN16 of the I.L.L. at about 1.55 Å21 took guidance from the
presence in that region of diffuse scattering attributed to p
son strain that disappeared gradually~but reversibly! at high
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temperature. This kind of search strategy would be inva
able in a soft-mode scenario for a structural phase transit
but it constitutes a counterproductive sidetrack in the cas
phason dynamics in QCs~Ref. 74! since it starts from the
wrong image. One cannot seriously uphold the idea o
quest for additional or alternative scripts of the phason
namics, as we have amply pleaded in Ref. 72: In reality,
diffuse scattering will appear in all together different plac
in Q space than the signature of the phason dynamics. A
technically, such an approach bears little chance of succ
As has already been pointed out above, the presenc
strong elastic scattering is more a nuisance than anyth
else during a search of quasielastic signals on a triple-
spectrometer.

~b2! Figure 2 shows the results~under the form of contour
plots! of calculations of the quasielastic structure factors
the most simple models of atomic jumps along twofo
threefold, and fivefold directions, taking the correspond
lengths of the jump vectors from the model of Katz a
Gratias.19 They just materialize the philosophy that if a jum
occurs along an axis of symmetry, an equivalent jump m
also occur along every other axis of the same symme
Thus we have calculated sums:

Sqel~Q!5
1

2 (
i 51

ns

@12cos~Q•di !#, ~2!

wheredi are thens530/s jump vectors along thes-fold di-
rections. Each term1

2 @12cos(Q•di)# is a structure factor for
a single jump between two~energetically! equivalent sites
separated by a jump vectordi . Also shown in Fig. 2 are the
symmetry axes of the QCs and three concentric circles
responding toQ5p/d, Q53p/2d, and Q52p/d. The
middle one (Q53p/2d) corresponds to the relation betwee
jump distance andQ in a powder sample. These models a
sume that the neutron-scattering process is incoherent, w
in general may be a fallacy: e.g., in the case of Al-Cu-Fe,
Cu signal observed in the 50–200meV resolution range is
mainly coherent. Therefore, we also engaged in calculati
of a model for coherent scattering signals, with jumps alo
twofold directions, taking into account the correlations b
tween various atoms.75 It is inspired by the model of Katz
and Gratias,19,38 which foresees that the Cu atoms in A
Cu-Fe build constellations of 7 atoms distributed over the
vertices of a dodecahedron according to two simple rules:~1!
two Cu atoms should never be first neighbors, and~2! two
Cu atoms should never occupy opposite positions on
dodecahedron. All jumps are allowed provided these t
rules remain always respected. The jumps in this model
cur along the edges of the dodecahedron, i.e., along two
directions. The various possibilities for the atomic jum
take the system on a trip through a configuration space
contains in all 100 members only. The detailed elaborat
has been decribed elsewhere.75 Its results for one specific
~but immaterial! choice of jump times are shown there in
figure. Comparison with Fig. 2~a! shows that the refinemen
obtained by adding longer-distance correlations into
model entails only minor corrections.

Moreover, if the assistance scenario is the correct ex
nation for the anomalous temperature dependence of
quasielastic signals, then this may provide us with a sec
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FIG. 2. Contour plots of quasielastic structure factors for simple models of jumps in symmetric double-well potentials oriented a~a!
twofold ~jump distanced52.95 Å), ~b! threefold (d52.56 Å), and~c! fivefold (d52.8 Å) axes, as described in the text. The thr
concentric circles correspond toQ52p/d, Q53p/2d, andQ5p/d. The twofold, threefold, and fivefold axes are also shown. The con
lines correspond to integer numerical values, with increments of 1. The greyscale code is shown at the bottom of each figure, going
to right; e.g., the first shade on the left codes numerical values between 0 and 1.
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motivation to stick to the more simple models. Indeed,
may take a long time to build up the favorable environm
that unlocks a given jump between two neighboring sit
The opportunities for the assisted atom to leap even fur
to a second-neighbor position could be very few and far
tween, as in principle they require two assistance conditi
to be fulfilled simultaneously. Consequently, within th
model of 100 constellations alluded to above, the time
havior will no longer be represented by the exponential
the 1003100 jump matrix we calculated numerically in Re
t
t
.
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75 since the underlying treatment foregoes the possibility
an assistance mechanism. The intermediate quasielastic
tering functionS(Q,t) will to a good approximation be an
incoherent sum of one-Lorentzian structure facto
^Fj (Q,t)Fk* (Q,0)&, whereFj (Q,t) is the Fourier transform
of a configuration with labelj at timet, and the two configu-
rationsj andk can be obtained one from another by a sing
atomic jump. The effect of assistance to the jump proc
should tend to make the second-order correlation times,
responding to processes that comprise more than one ste
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the connectivity diagram in configuration space, inaccess
long. Solely the simplified models have thus been used
guide for the searches of quasielastic intensity.

As can be appreciated from Fig. 2, forall types of jumps
there is an intensity maximum in the form of a spherical sh
at about 1.7 Å21. If these calculations mirror more or les
adequately the experimental situation, then quasielastic
taken on a single grain at theseQ values will not be of any
more use than a TOF run on a powder sample, since the
are isotropic and do not allow one to make a discriminat
between the various types of jumps. Very strong anisotr
will only show up around 3 Å21.

V. EXPERIMENTAL PROCEDURES

The single-grain samples have been prepared at C.E.C
Vitry by the Czochralsky method. Their structural quali
has been controlled by neutron diffraction~Laue method!,
and they were checked to be monophasic. Two single-g
samples have been used. Unfortunately, the larger one
came only available in a relatively advanced stage of
experiments. The smaller one has dimensions 35311
37 mm3. It is the same sample as described in the diffu
scattering studies by Caudronet al.76 The larger one was
more or less conical in shape with a base of 15 mm diam
and a height of 50 mm. The composition of the samples w
Al70.4Pd21.0Mn8.6. Measurements with a SQUID magnet
meter on specimens of identical composition have sho
that the phase studied is not magnetic.77 This is further borne
out by the absence of a quasielastic~paramagnetic! signal at
room temperature. The samples were cemented onto bo
nitride supports and installed under vacuum~better than
1026 mbar! inside a furnace enabling a temperature regu
tion to an accuracy of 1 –2 °C.

The experiments have been performed on the graph
double-monochromator triple-axis spectrometer 4F2
stalled at a cold-neutron beam port of the Orphe´e reactor of
the L.L.B. at Saclay, France. The spectrometer was use
the fixed final-wave-vector (kf) configuration. A graphite fil-
ter was used on the scattered beam to suppress contamin
from higher harmonics. The data were taken using a cur
~PG 002! analyzer, in order to increase the counting rat
This results in some loss inQ resolution, which is entirely
acceptable for our kind of study, where a rather slow va
tion with Q of the signal can be anticipated.78 The setup is
equivalent to horizontal collimations of 25/25/48/48 min
the Cooper-Nathans formalism.79 The energy step in the
scans~0.025 THz! was adapted to the energy resolution.

The samples were aligned in the beam in such a way
the horizontal scattering plane of the instrument correpon
to the superior right quarter of a binary plane of the QCs~as
can be seen in Fig. 3!. Such a quadrant contains all types
high-symmetry axes of the system, and is perpendicular
twofold axis. The two twofold axes within the scatterin
plane define the coordinate axes (Qx ,Qy) in reciprocal
space. The more intense Bragg peaks of the Al-Mn-Pd s
tem are also indicated in the figure. As already mention
one has to avoid as much as possible to venture into the c
neighborhood of these peaks because they are prone t
duce an important elastic contamination of our data. Mo
over, the presence of strong coherent signals from the ac
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tic phonons~whose intensities scale with the intensities
the Bragg peaks! would also hamper a clean data acquisitio
@We may note that the quasielastic intensity is very sm
~1–5 %! compared to the diffuse elastic scattering far fro
the Bragg peaks, which itself is of the order of 1% or less
the Bragg intensities.#

We carried out four series of experiments, amounting t
total beam time of 2 months. The use of two different co
figurations affords the inspection of a large slice of recip
cal space, ranging from 2 to 3.4 Å21. The experimental
points corresponding to the constant-Q scans on the smal
sample in the configurationkf51.64 Å21 are plotted as tri-
angles, while open circles tag the measurements made in

FIG. 3. Binary scattering plane. Bragg peaks are flagged
solid circles, whose diameter is proportional to the intensities. O
circles (kf51.97 Å21, small sample!, triangles (kf51.64 Å21,
small sample!, and squares (kf51.64 Å21, large sample! are mea-
sured points. This plane is the same as in Fig. 2.
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FIG. 4. Validation of the pres-
ence of quasielastic scattering:~a!
High-temperature data. The
shaded area corresponds to t
quasielastic component.~b! Low-
temperature data. The quasielas
signal has almost disappeared.~c!
Subtracted data, clearly evidenc
ing the existence of a quasielast
contribution.
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configurationkf51.97 Å21. Open squares situate the sca
made on the large sample in akf51.64 Å21 setup. At each
point we collected an energy spectrum measured betw
20.7 and 0.7 meV, at two temperatures: 500 °C@low tem-
perature~LT!# and 800 °C@high temperature~HT!#. ~In the
experiments on the larger sample the LT runs were car
out at 400 °C rather than at 500 °C, as we had learned f
the expierence gained with the small sample that some
sidual quasielastic signal still survives at 500 °C.! The pur-
pose of the low-temperature runs was to validate the p
ence of quasielastic intensity at high temperature by
subtraction method. In fact, as outlined in Sec. IV, it can
principle be hard to tell apart a quasielastic signal from
wings of the elastic resolution function. In a subtraction
the low-temperature data from the high-temperature d
such wings should show up as negative intensity~due to the
Debye-Waller factor!, while the presence of quasielastic i
tensity should be revealed by a positive signal~see Fig. 4!.
The low-temperature run thus serves as a background m
surement. After each change of temperature the 20/32 B
peak was scanned inu-2u mode in order to monitor the
dilatation effects in the lattice parameters. These were t
automatically corrected for in the subsequent scans. Typ
run times of a scan were of the order of 4 h for 51 data
points. Some more demanding scans, in points with v
weak quasielastic intensity, lasted for 8 h. The size of
incoming beam was reduced by vertical and horizontal d
phragms such as to optimize the signal/noise ratio betw
the scattering from the sample and from its environment

The fit procedures are very sensitive to the backgro
levels~see below!. Therefore we measured directly the inc
herent background by selecting a point atv520.13 Thz in
energy and counting the total intensity as a function of te
perature. Several points (Q,v) were included in this evalu
ation of theQ dependence of the background. Figure 5 illu
trates the method. Two distinct temperature regimes can
clearly observed: at low temperatures the intensity follow
linear law. The phason jumps are not yet activated, and o
the incoherent phonon background contributes to the sig
At high temperatures, the intensity is the sum of the ba
ground signals and the quasielastic intensity arising from
jumps. By extrapolating the low-temperature law in a h
monic approximation, one can quantify the incoherent c
tribution at high temperature. The raw data can then be fi
more reliably by using this information. The difference b
tween the high- and low-temperature readings of the inco
ent background gives the values that must apply for them
the fits of the HT-LT subtracted data sets~see below!. Figure
s
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6 shows theQ dependence of the background levels as
function of Q2. The law runs linearly at smallQ, and then
bends off as it is modulated by the Debye-Waller factor. W
might mention in passing that the incoherent phonon ba
ground in a single-grain sample need not always to be
tropic. This is due to the way the neutron scattering intens
is related to the atomic motion by a coupling termQ•ep

@which also occurs in Eq.~1!#, whereep is the polarization
vector of the phonon.

VI. DATA ANALYSIS

A. Basic philosophy

The data analysis is performed in several consecu
steps.

~1! The first parameter to determine is the quasiela
width G(Q). Preliminary fit results indicated that the signa
could be analyzed keepingG(Q) constant and equal to it
mean value for a given value ofQ. In a first approach the
representation of the data by a single Lorentzian compon
has to be seen as a convenientad hoc parametrization. It
cannot be excludeda priori that more than one width could

FIG. 5. Determination of the incoherent phonon backgrou
The intensity at point (uQu52.85 Å21, v520.13 Thz) on the
twofold axis as a function of temperature. At high temperature
signal consists of a constant background, an incoherent backgro
and the quasielastic signal. The difference between the intensiti
800 and 500 °C is 30 counts.
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be present at a given value ofQ, but the statistics and th
resolution hamper the extraction of such detailed informat
from the data.

~2! By comparing the intensities of the points located o
same crown of constantuQu, it is possible to study jump
anisotropies. We focused our attention on the intensities
four crowns: uQu52.65 Å21, uQu52.85 Å21, uQu
53.2 Å21, anduQu53.4 Å21. The crown at 2.85 Å21 has
been studied in the twokf configurations and with two
samples. The motivation herefore was to check the exp
mental methods and to evaluate the influence of resolu
effects on data treatment.

~3! By grouping points belonging to the same symme
axis ~or the same radial line between symmetry axes!, it is
possible to determine radial intensity profiles, which are i
portant for the evaluation of the jump distances. Measu
ments atkf51.64 Å21 covered the region between 2 an
2.85 Å21. Measurements atkf51.97 Å21 extended this
area upwards to 3.4 Å21. As mentioned before, overlappin
zones should~at least in principle! allow one to cross-check
the data on reliability and reproducibility.

~4! After grouping together and analyzing the data,
interpretation in terms of atomic jumps can be envisaged
comparing the results to the model calculations of Sec.
Each intensity profile—radial or along a crown—is com
pared to the theoretical profile obtained from jump simu
tions along twofold, threefold, and fivefold axes@Eq. ~2!#.

These are the ingredients for the data analysis. Howe
complications in the fit procedures arise due to two circu
stances:~1! The presence of other components than
quasielastic signal in the spectra, viz., the~very strong signal
of the! elastic peak and a~also rather strong! phonon back-
ground, and~2! the possibility that there could be more tha
one quasielastic signal.

FIG. 6. Background vsQ2. In the measurements in thekf

51.64 Å21 setup the dependence is linear. At largerQ values the
Debye-Waller factor enters the game.
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B. Elastic and phonon background

The correlation between the fit parameters of the stro
elastic and the weak quasielastic signals introduces huge
certainties in the determination of the quasielastic widths
intensities. To avoid an optimization of the elastic peak p
rameters at the detriment of those of the quasielastic line
is necessary to exclude the elastic peak from the fits.
width G of the quasielastic signal can then in principle
determined with good precision. Nevertheless, the fits on
raw data can remain tricky~e.g., due the presence of th
phonon background!. We have tried also to fit the subtracte
data sets: In the subtraction of a low-temperature run from
high-temperature run, the quasielastic component is not
fected, but incoherent or coherent phonon backgrounds
to a great extend be eliminated. In the central-peak reg
the result of the subtraction is negative due to the Deb
Waller factor. The fit is thus done only on the wings of th
Lorentzian signal, as shown in Fig. 4. But the drawback o
fit to a subtracted data set is that the statistical accurac
severely impoverished. The anisotropy of the intensity c
no longer be detected within the statistical precision
shown in Fig. 7 atQ52.85 Å21, which may be compared to
the nonsubtracted data shown in Fig. 8.

C. One or two Lorentzians

In a first step we analyzed all raw spectra with a sin
Lorentzian component. Thekf51.64 Å21 data indicated the
presence of a 400-meV-wide signal. Figure 9 shows theQ
dependence ofG on a crown and along theQx axis. Taking
into account that values obtained at lowQ tend to be slightly
underestimated due to the weakness of the signal, it app
that the width does not vary withQ. This value of 400meV
confronted us with a thorny problem. In our earlier work o
powder samples with the TOF spectrometer MIBEMO
~Ref. 6! we reported two signals with widthsG5200 meV
and G5700 meV, respectively. The intermediate value
400 meV obtained from thekf51.64 Å21 triple-axis data
thus suggested that it could result from the presence of b
contributions within the spectrum. The triangular resoluti
function of the TOF spectrometer is certainly better sui
for a precise determination of a width. However, with
single-grain sample the coherent phonon background is c
fined to a single specific place at eachQ value, and one can
spot manyQ values where it does not spoil the correspon
ing energy scan at all. In the TOF data the phonon prob
becomes really bothersome at higherQ values. After scrutiny
of all elements we finally reached the following conclusion
~1! The 200-meV-wide component observed with MIBE
MOL is so weak that it escapes detection in the triple-a
scans under the present conditions of resolution.~2! The
width of the wide component cannot be determined relia
from the TOF data, due to a lack of statistics and due t
genuine problem of phonon background contamination. T
MIBEMOL data are equally well fitted with any value fo
the width in the range 400–700meV. ~3! Given the excel-
lent quality of the fits in thekf51.64 Å21 triple-axis data at
2.85 Å21 we conclude that the best value forG is
400 meV. We must thus admit that our quotation for th
width in Ref. 6 has not been sufficiently cautious and is
error. These conclusions are further corroborated by thekf
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FIG. 7. Analysis of the sub-
tracted data on the crown atuQu
52.85 Å21 in the the kf

51.64 Å21 experimental setup.
The data were obtained on th
large sample. The anisotropy ca
no longer be detected within th
statistical precision. This is also
true of subtracted data obtained o
the small sample with kf

51.97 Å21.
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51.97 Å21 data. First of all, they could also be fitted wit
this value, and furthermore atQ52.85 Å21 they resulted in
the same angular dependence of the intensity, as can be
fied in Fig. 10. Moreover, the possibility that thekf
51.97 Å21 data could contain some contribution from th
200 meV component can be dismissed on the basis of
resolution which is too coarse.

D. Trials of a two-Lorentzian analysis

We may mention that in order to tackle the dilemma
the number of Lorentzians we also tried to fit our data w
two Lorentzian signals (L1 andL2). Unfortunately, the weak
intensities preclude such an analysis, leaving the parame
completely free, and the fit program does not conver
Therefore, we were forced to perform the two-Lorentzian
keeping the width parameters fixed. We chooseG1
5200 meV andG25700 meV on the basis of Ref. 6.

The kf51.64 Å21 data. Figure 11 shows that the best fi
is obtained with a combination ofL1 andL2, with a domi-
nating contribution arising from the narrow component. An
lyzing the same data withL1 alone, orL2 alone, leads to less
satisfactory results.
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The kf51.97 Å21 data. A fit with two components is
good, buta comparable agreement with the data can
obtained considering only the wide component. On the other
hand, the 200meV signal alone is not suitable. This is illus
trated in Fig. 12.

However, in such a two-component analysis, the res
for the intensity of the wide component in the twokf setups
at Q52.85 Å21 no longer match. This is a further valida
tion of our one-Lorentzian analysis.

VII. RESULTS

A. Crowns of constant Q

1. QÄ2.85 ÅÀ1: Comparison of the three experimental setups

The crown atuQu52.85 Å21 has been measured thre
times, under different conditions, to check the reproducibi
of the data. It was measured atkf51.64 Å21 and kf
51.97 Å21 with the small sample and atkf51.64 Å21

with the large sample. Thekf51.64 Å21 data for the large
sample with the corresponding fits are shown in Fig. 8. T
kf51.97 Å21 data with their fits are shown in Fig. 10. Th
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FIG. 8. Panorama of the non
subtracted data on the crown a
uQu52.85 Å21 in the the kf

51.64 Å21 experimental setup.
These data were obtained on th
large sample and the analys
shown leads to the intensity plo
of Fig. 13.
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same general shape is observed in the two differentkf setups.
It is typified by strong minima on the fivefold and threefo
axes, as shown in Fig. 13.

2. Results on other crowns

In the same Fig. 13 we show similar results for the cro
at Q52.65 Å21 (kf51.64 Å21) obtained with the large
sample. Again minima are observed on the fivefold a
threefold axes.
n

d

The other crowns (Q53.20 Å21 and Q53.40 Å21)
were measured in thekf51.97 Å21 setup with the small
sample. The spectra are shown in Figs. 14 and 15. The fi
Q53.20 Å21 were difficult and the values for the intensitie
are more qualitative in nature than at 2.65 and 2.85 Å21.
Disentangling the phonon background faces insupera
odds at 3.4 Å21 such that for this value only the raw da
are shown. An important point to be stressed is that alre
in the 3.2 Å21 data the tendencies in thew dependence are
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completely inverted with respect to those observed
2.85 Å21. The angular dependence now shows maxima
the fivefold and threefold axes.

In conclusion, two angular profiles with distinct shap
have been observed.

B. Radial profiles

The radial profiles seem to be much less sensitive to
tails of the fit procedures. They could still be deduced fro
subtracted data sets. We present results obtained with
small sample.

kf51.64 Å21 data. Figure 16 gives the results obtaine
along various radial axes. The intensity grows continuou
with the modulus ofQ, but theQ window is not wide enough
to reach a first local maximum. Only the measurements
the twofold axis indicate the existence of such a maxim
arounduQu52.7 Å21.

kf51.97 Å21 data. The main interest of this second co
figuration is to extend theQ range up to 3.4 Å21. Figure 17
evidences how a local maximum is reached on the twofo
threefold, and fivefold axes, and also along some interm
ary direction between the threefold and fivefold axes,
which the maximum is particularly well marked atuQu
52.8 Å21. Figure 18 shows the corresponding spectra.
though this ensemble of data was polluted by a phonon c
tribution on the right hand side, the fit remained possible
other cases, for instance, on the threefold axis, only a
points could be analyzed. Moreover, no study along the fi
fold axis could be performed due to the presence of the 18
Bragg peak~a radial dependence has been measured clos
this axis, viz., atw555°).

FIG. 9. Q dependence of the Lorentzian widthG. Left: on the
uQu52.85 Å21 crown. Right: along a twofold axis. The width i
constant within the experimental precision and equal to 400meV.
Data taken with small sample.
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Data comparison. Figure 19 compares the radial profi
on the twofold axis obtained with both experimental setu
After intensity normalization, the results appear to be co
current, both evidencing the existence of a local maxim
around 2.7 Å21. This agreement further comforts us in o
strategy to confine ourselves to a treatment based on a s
Lorentzian contribution.

VIII. DISCUSSION

A. Single-particle models

We now would like to verify if the single-particle model
delineated in Sec. IV@Eq. ~2!# are able to provide a consis
tent description of our data. The first approach consists
comparing the data to the models in a simplified fashi
with models corresponding to a unique variety of jump,
ther along twofold, threefold, or fivefold directions. If thi
does not lead to satisfactory results~and we will shortly see
that this is the case!, we must allow for the fact that a numbe
of different jumps may coexist in a spectrum, such that e
intensity profile results from the combination of several
ementary jumps. The number of jumps to be taken into
count, their distances, their directions, and their relat
abundances are all unknown. The theoretical intensity m
then be expressed as

Iqel~Q!5(
i

a iIi~di ,Q!, ~3!

wherea i denotes the abundance andIi(di ,Q) the quasielas-
tic intensity for a class of jumpsi with symmetrysi over a
distancedi . We must of course obtain aglobal concordance
with the data. It is not sufficient to get alocal neat agreemen
on an isolated crown. The angular and the radial dep
dences must also be mutually consistent. This is a very p
erful and significant constraint, as we will very soon find o

The problem of fitting the data with this expression
complex, because only a limited number of experimen
data points are available and a large number of parame
may enter into the considerations. Moreover, the value
this number is not known.

B. Failure of single-particle approach

The agreement between the data and the simple sin
particle models is not satisfactory. In Fig. 20 we show t
theoretical profiles atQ52.85 Å21 for various jump dis-
tancesdiP@1,5# Å. The local minima in thew dependence
along the crown at 2.85 Å21 do not tally with the theoretica
description. Only jumps along twofold directions are able
reproduce the strong minima observed, but they require
include a negative contribution that is constant withw, which
is unphysical. In other words, this means that the peak/va
ratios in these data are stronger than anything in the mo
can turn up. To quantify this, we can parametrize the d
~less well! by an expressionC11C2Sqel(Q), where C15
26.50, C250.89, andSqel(Q) is given by Eq.~2! for two-
fold jumps. These numbers are in the units used in Fig.

An inspection of the models in Fig. 2 betrays quickly th
we are running here into major hardship: For the three ty
of jumps it is quite conspicuous that moving out radia
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FIG. 10. Synthetic view of the
nonsubtracted data on the crow
at uQu52.85 Å21 in the the kf

51.97 Å21 experimental setup.
These data were obtained on th
small sample. The intensity profile
is in concordance with the one ob
tained in thekf51.64 Å21 setup,
shown in Fig. 13.
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from Q50 we must encounter a first local maximum in t
intensities in the form of an almost isotropic spherical sh
The reader may spot this feature on the circles correspon
to Q53p/2d. We already pointed out the existence of the
local maxima in Sec. IV. Their appearance is largely due
the high symmetry of the icosahedral group: in a given po
at low Q there are always several symmetry axes that are
l.
ng
e
o
t
ot

far away, such that what we observe in that point is produ
by overlapping contributions from several axes. This has
effect of smoothing out the anisotropy. Only when we
further out inQ is the importance of this overlap phenom
enon tempered and can we start to clearly observe some
isotropy. The problem is now that our data do not displa
such an almost isotropic first local maximum in the inten
n

FIG. 11. Analysis of the data
of the kf51.64 Å21 experiment.
Left: description of the data with
two Lorentzians of widthsG1

5200 meV and G25700 meV.
Center and right: one-Lorentzia
description.
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FIG. 12. Analysis of the data
of the kf51.97 Å21 experiment.
Left: data described with two
Lorentzians of width G1

5200 meV and G25700 meV.
The description with the G2

5700 meV contribution alone
~center! is of comparable quality.
The description with the G1

5200 meV contribution alone is
not satisfactory.
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ties. On the contrary, the first strong intensity we com
across is exhibiting the most striking anisotropy in the wh
data set. This feature must doom every attempt to recon
the radial and crown dependences to failure.

We are thus getting stuck in a paradoxical situation. Th
is an alternative path to come to an appraisal of this circu
stance. One can try to fit the data atQ52.85 Å21 by brute
force with an analytical model:

Iqel5C1a2I2~d2!1a3I3~d3!1a5I5~d5!, ~4!

where the indices 2, 3, and 5 now refer to jumps along
twofold, threefold, and fivefold directions. This does n
work. Every hope to reproduce the single intensity profile
Q52.85 Å21 by linear combinations of the three differe
jump models is thwarted by the fact that only models w
jumps along the twofold axes can reproduce angular in
sity minima, and that, as we already mentioned, these are
steep enough.

One can try to speculate as to what could be the reason
this impasse. We could, e.g., imagine that the widthG of the
quasielastic line varies withQ and that it becomes too sma
at lowerQ values to emerge from the elastic resolution w
dow, such that the detection of the isotropic first local ma
mum is missed. Such a loophole of escape from the con
sions reached above would admittedly no longer corresp
to the model of Eq.~3! to the letter. But even taking this kin
of freedom with scientific rigor hardly seems to hold a pro
ise of circumventing the deadlock. The results of the tim
of-flight searches6 with an incoming wavelength of 8 Å
@DE'40 meV full width at half maximum~FWHM!# are
not encouraging. We were unsuccesful in picking up
slightest indication for quasielastic scattering with a wid
smaller than 200meV.

It should be mentioned that this trouble-shooting discr
ancy is not an artifact that we could put on the back
overanalyzing low-intensity data: we have found it cons
tently in three independent measurements atQ52.85 Å21.
It is also visible to the naked eye without one having
course to running fit procedures on the data.

C. Could the white-noise approximation be wrong?

We could also question the conceptual approach base
jump models that are merely a kind oftheme and variations
on the canonical model expressed through Eq.~1!. In such
models it is assumed that the jump time itself is infinite
fast. The relaxation times are average residence tim
e
ile
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Hence, such models do not offer a description of the part
on its way in between the two minima of the double-w
potential. It is assumed that such information will not
reflected in the data if the jumps are occurring on very sh
time scales. This is called the white-noise approximati
This conceptual drawback has been challenged by Mic
and his co-workers80 who developed a much more sophis
cated approach using an elegant formalism of symme
adapted functions. The ensuing mathematical expression
the intensities are rather intractable. We have seen that in
assisted situation the atom sees a very low potential en
barrier. Could it be that the hopping atom has compara
probabilities to be probed everywhere within a tube that lin
the two sites, such that our data would contain informat
that corresponds to snapshots of the scurrying particle on
way in between? If this were true, the situation would
pretty hopeless, since it would ask for the knowledge o
detailed picture of the atomic potential in the assisted stat
order to permit further progress. Guessing what these po
tials might be introduces in a sense a continuum of para
eters, viz., the valueV(s) of the potential at each point with
spatial coordinates inside the tube. Given the low potentia
barriers that are associated with the assisted state, we c
attempt a flat potential. But a model based on this idea yie
a Q dependence that is even less satisfactory than the mo
we have developed so far. It displays very strong axial
isotropy with radially running ridges and valleys that seem
extend indefinitely to highQ values. Fortunately, it can b
said that thepractical approachembodied by the theme an
variations of Eq.~1! has consistently proved satisfacto
within the realm of quasielastic neutron scattering, even
the cases of very fast motion such as rotational diffusion
molecules. We dismiss thus the possibility of a failure of t
white-noise approximation based on Eq.~1! on two grounds,
viz., likelihood and practical feasibility, the latter criterio
being admittedly not a scientific one.

D. Parametrization that works

If it proves so difficult to elicit the anisotropy observed o
the basis of the model crystallized in Eq.~4!, despite the fact
that it contains so many adjustable parameters, it must m
that our data contain some very strong piece of informat
that addresses a crucial point that hitherto has eluded
awareness. In our unsuccessful trials to fit the data,
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stumbled accidentally~by error! onto a very strange obse
vation: The data atQ52.85 Å21 are extremely well fitted
by an expression

C1 (
i 51

10
1

2
@11cos~Q•C2ei

(3)!#1C3 , ~5!

whereei
(3) are the ten unit vectors along the threefold dire

tions andC253.83 Å. This is shown in Fig. 13. This mean
that the quasielastic intensity profile isinvertedand follows

FIG. 13. Experimental intensities from the fits of thekf

51.64 Å21 measurements on the crowns atuQu52.85 Å21 ~top!
and uQu52.65 Å21 ~bottom!. The fits are made on the nonsu
tracted data (kf51.64 Å21, large sample! with only one Lorentz-
ian with a widthG5400 meV. The data are directly compared
the ‘‘unreasonable’’ model fit of Eq.~5!.
-

the elastic structure factorSel(Q) of a model for threefold
jumps rather than thequasielasticstructure factorSqel(Q)
512Sel(Q). ~The reader may remember that we pointed o
that the quasielastic and elastic structure factors obey a
rule.! It should be emphasized that this is an alienating if n
absurd finding: a1

2 @11cos(Q•d)# dependence for the quas
elastic intensity is most unusual. We refer the reader to
various jump models for a particle jumping betweenN
equivalent sites on a regular polygon treated by Be´e,51 and
summarized in Table 6.2. on p. 200 of his monograph.
also refer the reader to the model for jumps between
nonequivalent sites, treated in the same work on p. 191.
nally, we refer the reader to the expressions derived wit
the framework of our assistance model summarized
Tables I and II on page 1687 of Ref. 74. Hence, just like
T behavior, theQ behavior of atomic hopping in QCs i
doing the opposite of what it ought to do. Can we figure o
why?

E. Elser’s escapement model

We might consider the following idea that in its spirit
reminiscent of a model conceived of by Elser.38 It raises the
possibility of an interesting link between theQ and theT
dependence. In this model we assume that the scene o
dynamics is a two-winged structure with a more or le
dumbbell-shaped silhouette. The two wings are equiva
configurations that are interlocked. If one wing is locked, t
other one is unlocked and vice versa. The system flips
tween the two situations with a long relaxation time. A
atom will be allowed to jump quickly during the time that i
surroundings define the unlocked part of the structure. Bu
the balance is tipped and the atom finds itself within t
locked part, then the jumps are frozen. The idea would
that the elastic structure factor corresponding to the aver
dumbbell geometry could modulate the quasielastic struc
factor of the dynamics. In Elser’s model each wing is ac
ally a copy of our model of twofold jumps we briefly de
picted in Sec. IV, and spelled out in more detail in Ref. 7
Elser mused on a delightful analogy between this interloc
situation and the functioning of a lever escapement in a w
watch, a clever mechanical device that was originally
vented by the Dutch physicist Christiaan Huygens in the 1
century.81 But of course Elser’s model is far too complicate
to be calculated analytically. Before going headlong into
tedious numerical elaboration of it we first should try to va
date the idea that underpins it on a downsized model
captures its essence.

This simplified model can be described as follows~see
Fig. 21!. We consider three double-well potentialsAB, CD,
and EF, each housing one particle. The jump vectorsd of
two of the double wellsAB and EF are equipollent and
aligned along the opposite edges of a rectangle. The t
double wellCD has a jump vectorv'd. This double well
CD is positioned in the center of the rectangle. The lengtv
is of course shorter than the distance between the two do
wells with equipollent separation vectorsd. The escapemen
that controls the swing of the pendulum is here the particle
the double wellCD: it blocks the jumps in the double well i
is closer to. The result of this~cumbersome! model calcula-
tion is given in the Appendix B. The bottom line is that o
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FIG. 14. Panorama of the non
subtracted data on the crown a
uQu53.2 Å21 in the the kf

51.97 Å21 experimental setup.
These data were obtained on th
small sample.
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efforts do not pay off: We obtain12 @12cos(Q•v)# depen-
dences. Other incentives with a similar flavor came to
same results. In fact our aim was to factorize the struct
factor into a product of terms that are related to the cha
teristic distances involved in the slow and the fast dynam
But this factorization takes place in the time domain rat
than in the space domain. The jump matrix is indeed a K
necker tensor product of two simpler jump matrices. But
Fourier transforms of two configurations just add up; they
not multiply. Apparently we have not stretched our imagin
tion far enough and we are still missing the point.

F. Correlated jumps

Our failure to seize the anomalousQ depencence of ou
data within an approach based on Elser’s model highlig
the fact that any temporal variation of the neutron-scatter
contrast between two sitesX and Y produced by an atom
jumping between them ends up being tagged by a1

2 $1
2cos@Q•(rX2rY)#% dependence. We finally reach the co
clusion that if we want to tease out a1

2 @11cos(Q•d)# factor,
e
re
c-
s.
r
-

e
o
-

ts
g

we must tailor our jump models in such a way that desp
the dynamics a separation vectord remains preserved within
the system with an unchanged neutron-scattering contras
all the models we tried up to now, when an atom jum
between two sites, the neutron-scattering contrast betw
the two sites is inverted by the jump. This leads to ap flip of
its phase and is eventually responsible for the appearanc
the nagging minus signs that kept popping up so stubbo
in front of the cosines within all the quasielastic structu
factors of the models we considered. We can only prese
the phase of a contrast labeling a given separation vecto
we admit that two~or more! atoms are jumpingsimulta-
neously, such thatd5rX2rY can be preserved with the sam
neutron-scattering contrast under the new formd5rX8
2rY8 . The simplest realization of this idea would be th
two atoms jump in concert with equipollent jump vecto
(X→X8 andY→Y8!. We can appreciate that this will do th
right thing by designing an almost trivial model. We imagin
two double wellsAB and CD with equipollent separation
vectorsAB5CD5d, again aligned along the opposite edg
of a rectangleABCD. The two remaining edges of the rec
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FIG. 15. Panoramic view of
the nonsubtracted data on th
crown at uQu53.4 Å21 in the kf

51.97 Å21 experimental setup.
These data were obtained on th
small sample. The phonon back
ground hinders the data analysis
tio
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angle define the perpendicular vectors5AC5BD. When we
assume that the two particles jump in phase with a relaxa
time t, we find ~see Appendix C!:

S~Q,v!52s@11cos~Q•s!#F1

2
@11cos~Q•d!#d~v!

1
1

2
@12cos~Q•d!#L~v!G , ~6!

where

L~v!5
1

p

G

G21~\v!2

as usual ands is the cross section of the two jumping atom
We may call this an exhilarating result. It defeats Else
model and everything else we expected based on our c
mon sense. In fact, an atomic jump is a stochastic proces
is, e.g., triggered by the random thermal fluctuations of
environment of the atom. We thereforea priori never con-
sidered the possibility of a choreography of simultaneo
jumps. As Elser38 we assumed that while a tile flip in a re
structural model would correspond to several jumps, th
would not occur simultaneously. The basic process in a
QCs would thus not be a tile flip, but rather an atomic jum
We thus implicitly rejected the possibility of several kinds
phason dynamics by combining elementary jumps into v
ous levels of hierachy, building phasons, superphasons,
although a number of scientists interpreted a model by Ze
and Trebin82 this way. One should rather be inclined to di
n

.
s
m-
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e
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e
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er

miss such a paradigm highhandedly. Now our data seem
suggest that it has to be taken seriously.

Perhaps we should emphasize the impossibility to de
@11cos(Q•s)# dependences from a model with one-partic
jumps, even within the framework of a formulation that a
lows for coherent quasielastic signals: In the relevant alge
intermediate structure factors of the formSjk(Q,t)
5^Fj (Q,t)Fk* (Q,0)& arise. HereFj (Q,t) is the Fourier
transform of a configurationj at timet. One might anticipate
that if in the transition from configurationj to configurationk
many atomic positionsrn , rm , . . . remain the same, the
Sjk(Q,t) could lead to many terms of the type 11cos@Q
•(rn2rm)#. The snag is that these contributions vanish in
final result. We have given a quite general proof in Ref.
that the correlations between unaltered site occupations
main silent in the dynamical response for coherent mod
The reader can get an inkling of the gist of this idea from
handwaving argument developed in the Appendix D. Ev
tually this is also the culprit of the breakdown of our attem
based on Elser’s model.

G. Final remarks

Both atQ52.85 Å21 and atQ52.65 Å21 the trial func-
tion of Eq.~5! works well with a values5C253.83 Å. The
parameterC1 replaces the ‘‘prefactor’’ 1

2 @12cos(Q•d)#,
which is warranted by the reasonable assumption thatd is
much smaller thans, such that its angular dependence is s
isotropic at theseQ values. The qualility of the fits is no
significantly improved by including the global adjustab
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FIG. 16. Radial intensity pro-
files in the kf51.64 Å21 setting
of the spectrometer: only the dat
along the~twofold! Qx axis reach
a local maximum within theQ
range available.

FIG. 17. Radial intensity pro-
files in the kf51.97 Å21 geom-
etry of the spectrometer: in al
cases a local maximum is reache
within the Q range available.
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FIG. 18. High-temperature
raw data measured along the ax
at w533° between 2.1 and
3.4 Å21.
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constantC3. A constant contribution could have arisen fro
another jump over a short distance.

At this point our grappling with the interpretation of th
data must grind to a halt. The radial profiles atkf

51.64 Å21 could be determined by( i 51
10 1

2 @11cos(Q
•C2ei

(3))#, provided1
2 @12cos(Q•d)# behaves approximatel

as a constant. But this behavior does not reproduce the
intensity maximum observed on theQx axis both in thekf
51.64 Å21 and thekf51.97 Å21 data.

Furthermore, if we extrapolate the trial funcion of Eq.~5!
to Q53.2 Å21, we see that it still should exhibit minima o
the fivefold and threefold axes. This is not so in the data. T
general tendency is actually inverted: We are encounte
now maxima on the fivefold and threefold axes. In fact,
can fit the crown at 3.2 Å21 again with a normal mode
consisting of a constant and the function of Eq.~2! by as-
suming threefold jumps over a distance of 3.4 Å. This rat
abrupt change in thew dependence of the intensities withQ
is a renewal of the difficulties. We explored several lines
thought in our attempts to face this difficulty.
rst

e
g

r

f

~1! The further we go out inQ space the more characte
istic distances will contribute to the signal. It is well know
from the structural models that we can expect a large num
of such distances. In the long-wavelength limit we were

FIG. 19. Radial dependence of the intensities from thekf

51.64 Å21 ~solid circles! and kf51.97 Å21 ~open circles! mea-
surements on the twofoldQx axis. The intensities have been no
malized with respect to each other.



We
om
a

ted
ain
ary
n
t
us
a

1
a
h

he-
i-

-
an

k

e

ar
ing

ated
ed.
eer

d
on

se
to

te

he

ble
ing
e to

6288 PRB 62CODDENS, LYONNARD, HENNION, AND CALVAYRAC
FIG. 20. Calculated intensities@Eq. ~2!# on the crown atQ0

52.85 Å21 for jump distancesdiP@1,5# Å21 as labeled on the
right hand side of the figure. The base lines have been shifte
multiples of 20 in order to condense the various results into
single figure. Jumps along the twofold~solid line!, threefold~dotted
line!, and fivefold~dashed line! axes are each time shown. The
curves correspond directly to circular sections through the con
plots of Fig. 2. The anglew is measured from theQx axis. The
recipe to read the results for other (Q,d) combinations from the
figure follows from the observation that the only relevant parame
in the models is the aggregateQd.
fortunate to be able to discern the isolatedQ dependence of
one such intrinsic distance. From 3.2 Å21 onwards there
could be more than one contribution present in the data.
must then assume that there is a strong contribution fr
jumps along threefold directions in order to turn the minim
into maxima as observed. But from Fig. 20 it may be no
that to obtain pronounced maxima of this kind implies ag
a rather large jump distance. As the model functions v
rather smoothly withQ it is hard to see how this contributio
that dominates atQ53.2 Å21 can be entirely absent a
2.85 Å21. Even if it were compensated by the anomalo
contribution expressed by Eq.~5!, there should have been
part C3Þ0 at Q52.85 Å21, which is barely the case.

~2! Another possibility could be that the factor
2cos(Q•d) in Eq. ~6! starts to deviate significantly from
constant at higherQ values. For each of the jumps wit
vectordi there must be an associated threefold directionsi .
There is thus a correlation betweensi anddi which must be
carried through by the symmetry operations of the icosa
dral group. Equation~5! is then no longer a good approx
mation for the exact expression which rather should read

S~Q,v!52s(
i 51

10

@11cos~Q•si !#F1

2
@11cos~Q•di !#d~v!

1
1

2
@12cos~Q•di !#L~v!G . ~7!

If we assume that the vectorsdi are along a symmetry direc
tion, then there are 60 combinations to be explored, with
unknown jump distanced. Even if we were to find a magic
combination that works, it would lookad hocin view of the
limited number of data to validate it. But it does not loo
plausible to us that any of the sums of the kind of Eq.~7!
could mimick the effect of inverting the signs in front of th
cosines in the terms 11cos(Q•si). In fact, all these terms are
weigthed by positive numbers@12cos(Q•di)#.

~3! The correlations are even more complex. But we fe
that dreaming up more complicated models must be a los
battle. Our data are not good enough for a more sophistic
approach and the number of possibilities is almost unlimit
Given the basic smoothness of the jump models, the sh

by
e

ur

r

FIG. 21. Simplified model permitting one to catch the gist of t
escapement mechanism proposed by Elser. The atom inA is
blocked due to the presence of the atom inC, while the atom inF
is free to leap to and froE with relaxation timet2. A jump of the
atom from C to D ~with relaxation timet1) tips the balance, by
blocking atomF and unlocking atomA. The double wellCD fulfills
the role of the escapement. In the full-fledged model both dou
wells AB andEF must be replaced by a dodecahedron contain
seven atoms. Despite its profusive detail, this model is not abl
explain the intensities shown in Fig. 13.
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change in thew dependence withQ observed in our data
should prove an abiding hotbed of difficulties.

~4! Both the behavior atQ52.85 Å21 and at Q
53.2 Å21 indicate the presence of threefold jumps. But
2.65 Å21 the signal is collective, while at 3.2 Å21 we have
the signature of individual behavior. It seems to us that
most plausible explanation of the data would be that ther
a cross overbetween two regimes, somewhat in the spirit
the Aubry transition between continuous and discontinu
phason modes in the Frenkel-Kantorova84 model or some
other models of composite incommensurate structure85

Such transitions are indeed abrupt: they depend on a cri
value of a parameter in the model. This is definitely a fas
nating possibility, but we have no clue as to how one co
substantiate it any further within the current stage of theo
ical knowledge. We hope that our experimental results m
constitute a strong motivation to dig further into such mod
in order to unfold their delimitations.

At this point we must thus resign from trying to obtain
more detailed understanding of our data. This is a nega
result. But rather than as a catastrophe it must be consid
as the first hint that something unexpected is going
Hence, it transpires that due to correlations and to a la
number of jumps the situation becomes so blurred that o
the largest characteristic distance in the system can be
tracted from the data. This relies on the possibility of isol
ing it in a small-Q limit where all other contributions are sti
negligible.

IX. CONCLUSION

The impossibility of reproducing the experimental beha
ior observed theoretically by any single-particle model of
type embodied by Eqs.~2! and ~3! shows that phasons i
QCs do not occur as isolated jumps, but as strongly co
lated sets of jumps.

It is remarkable that in both Al-Cu-Fe and in Al-Mn-P
3.8 Å shows up as an important distance. This suggests
the Al-Cu-Fe result could also be due to some collect
effect.

The model by Zeger and Trebin is not the only one t
predicts simultaneous jumps. Berahaet al. observed a struc
tural transition between thej andj8 phases in Al-Mn-Pd by
electron microscopy. The transformation gives the visual
pression of collective jumps of whole ‘‘clusters’’ over a di
tance of 4.8 Å. They propose a microscopic mechan
based on Mn jumps of 2.82 Å along fivefold directions,
jumps over 2.96 Å along twofold directions, Al jumps ov
2.96 Å and 1.83 Å along twofold directions, and finally A
jumps over 2.57 Å along threefold directions. The motion
the atomic surface in hyperspace that produces Mn jump
such that four Mn atoms jumpsimultaneously. We must also
quote here a suggestion by Trebin86 who has evoked an im
age of a wave of collective jumps as an elastic respons
the quasiperiodic medium to a periodic external source
deformation, e.g., in a vibrating-reed experiment. Such
elastic response must then be governed by the phason e
constants. We must pay a tribute here to these authors
their perspicacity.

Finally, it should be mentioned that there is an interest
link between our data and the symmetry of the thermal
t
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fuse scattering data. Capita´n et al.87 have demonstrated tha
the phason elasticity that explains the intensity conto
around the Bragg peaks corresponds to deformation a
the threefold directions.

ACKNOWLEDGMENTS

The authors would like to thank Philippe Boutrouille an
Patrick Baroni for technical assistance during the exp
ments. One of us~G.C.! would like to express his gratitud
to Wilhelmina Bouws.

APPENDIX A: ARE PHASON JUMPS PRODUCED
BY VACANCIES?

Recently68 Dubois et al. commented on our work.1,2,5,6

They observed quasielastic scattering88 in a B2 phase
Al50Cu35Ni15. The authors used this to affirm that it wou
prove thatfast atomic hopping is nothing special for QC
and occurs more commonly provided sufficient vacancies
available.

In order to reach such conclusions Duboiset al. tacitly
introduce a number of assumptions:~1! viz., that thestruc-
tural vacancies in theB2 phase are responsible for the fa
hopping observed. If vacancies do play a part at all in h
ping within theB2 phase, then one should first try to eluc
date of which type they are, i.e., if they arestructural or
thermalvacancies. But whatever species these vacancies
of, if the existence of phason jumps in QCs were just due
existence of vacancies, then this would imply an altoget
different temperature behavior of the quasielastic signal t
found in QCs where the hopping is assisted rather than
cancy mediated. This remark shows that they also foster
assumption~2! that there exists only one universal~vacancy-
mediated! mechanism for hopping in an alloy. It is als
clearly taken for granted~3! that there would be a large num
ber of structural vacancies in a QC. But there is no incent
in the form of experimental evidence that makes it worth o
while pondering seriously over such an ansatz.89

In order to prove with mathematical rigor that the
claims are wrong, it would be necessary to pin down
number of vacancies in a QC, which is an extremely h
and ungratifying job. Density measurements on a single c
tal are beset with large uncertainties due to the presenc
large facetted voids of dodecahedral shape.90 And positron-
annihilation experiments are not really reliable. It shou
however, suffice to reject the claims firmly based on t
millenia-old principle actori incumbit probatio. Neverthe-
less, we will do some more by listing below a number
arguments that tend to discredit this claim.

For certain stoichiometries the archetypalB2 phase AlNi
can harbor up to 12% ofstructural vacancies at room tem
perature. This figure obtained by a comparison of the lat
parameter and density data91 can be assessed also by Mo¨ss-
bauer spectroscopy in the case of CoGa:92 the presence of
vacancies is evidenced by a strong quadrupole-shifted a
tional component; i.e., one can distinguish the population
sites with a complete neighborhood from the population
sites with a vacancy in its neighborhood.93 At room tempera-
ture the Mössbauer data underestimate the vacancy con
tration. This deficit is explained as an effect of vacancy cl
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tering. But at high temperature the clusters dissociate and
Mössbauer estimate of their concentration becomes accu
Similar spectroscopic data for QCs~e.g., within the Al-
Cu-Fe system! do not suggest the presence of a lar
structural-vacancy concentration.94 The presence of vacan
cies must lead to a larger electric-field gradient~EFG! than in
the situation when there is no vacancy in the near
neighbor shell. The fact that the EFG in Al-Cu-Fe decrea
smoothly withT shows that there is motional narrowing, b
no other ‘‘site’’ or phase appearing.4 An Fe atom with a
vacancy as nearest neighbor would be an additional site,
different from one with a full shell. Some small number
thermal vacancies together with the high-temperature di
sion should provide enough atomic flux to form the micr
scopic voids seen by a number of groups.90 There is no need
for a large number of~structural! vacancies. In fact there i
only one population of sites in the sample. This populat
has a large distribution, which becomesnarrower at high
temperature. It is clear that in a QC the ditribution of sit
with a vacancy in their neighborhood could be much le
sharp than in aB2 compound but it would be far fetched t
claim that a distribution of a few percent of such sites wo
go unnoticed.~Positron-annihilation studies have yielded
estimate that the vacancy concentration at room tempera
in Al-Cu-Fe is of the order of 8 ppm, but such data are n
always reliable95!.

The absence of a large concentration of structural vac
cies in QCs is further corroborated by the totally dispar
outlook of the existence domains ofB2 phases and QCs
They bear no ressemblance whatsoever and have very d
ent extents. Whereas theB2 structure is very insensitive t
atomic composition as indicated by a sizable stability ran
within the phase diagram,91 QCs on the contrary are ex
tremely sensitive to it.62 A variation of 1% in composition is
sufficient to render the QC structure unstable. In theB2
phases this stability of the structure in the Al-rich phase
obtained by just leaving Ni sites unoccupied~i.e., by build-
ing in structural vacancies!, while in the Ni-rich phases it is
on
is
m

he
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obtained by introducing antisite atoms.96 The intensity of the
atomic hopping in QCs is not seen to be different in a po
der and in a bulk sample, despite the much larger surf
present in the former. This means that the occurrence
large number of dodecahedral voids seen by x-
topography90 in Czochralski-grown samples is not sufficie
an indication of the existence of a large number of vacanc
Structural studies on icosahedral phases are claimed to y
the positions of 95% of the atoms, but do not invoke a r
for vacancies.19,38,39

If we were to believe the vacancy scenario, then the f
that it takes an exceptionally large concentration of structu
vacancies to match the quality of the results obtained i
QC, where the number of vacancies is several orders of m
nitude lower, can only underline that indeed something s
cial is going on in the QC. But it is probably wise to refra
from paraphrasing in such slogan-oriented terms the sc
tific mission that has fallen to our share: The true object
we fixed ourselves from the outset can only be the eluci
tion of the phason concept in QCs.

APPENDIX B: MODEL CALCULATION

The dynamical structure factor of the the downsized
capement model is calculated by recasting the mode
terms of configurations, following the method spelled out
Ref. 83. There are eight configurations, linked by the follo
ing scheme of transitions:

BCF↔
t1

BDF↔
t2

ADF↔
t1

ACF

lt2 lt2

BCE↔
t1

BDE↔
t2

ADE↔
t1

ACE

where the symbolXYZ denotes that the postionsX, Y, and
Z are occupied while the other ones are empty. Notingg i
51/t i , the corresponding jump matrixM can be written as
1
2~g11g2! g1 0 0 0 0 0 g2

g1 2~g11g2! g2 0 0 0 0 0

0 g2 2~g11g2! g1 0 0 0 0

0 0 g1 2~g11g2! g2 0 0 0

0 0 0 g2 2~g11g2! g1 0 0

0 0 0 0 g1 2~g11g2! g2 0

0 0 0 0 0 g2 2~g11g2! g1

g2 0 0 0 0 0 g1 2~g11g2!

2 .

~B1!
ear
ur
on
eo-
ns
We introduce the notation g1 /Ag1
21g2

2

5cosa, g2 /Ag1
21g2

25sina, and Ag1
21g2

25X. The jump
matrix can be diagonalized by observing that every sec
configuration connects the same way to its neighbors. Th
thus a problem with ‘‘translational symmetry.’’ The syste
d
is

has the same topology as a phonon problem for a lin
diatomic chain, with cyclic boundary conditions and fo
unit cells. We can map our jump problem onto this phon
problem. The latter can be solved by using the Bloch th
rem. We must thus propose eigenfunctio
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TABLE III. Components ofS(Q,v) in an escapement model.

Spectral function Weight Structure factor

d(v) 1
2

s f

cos@Q•(rA2rF)#1cos@Q•(rB2rF)#

1cos@Q•(rE2rF)#1cos@Q•(rA2rE)#

1cos@Q•(rB2rE)#1cos@Q•(rA2rB)#12

1
2

ss

11cos@Q•(rC2rD)#

1
2
As fss

cos@Q•(rA2rC)#1cos@Q•(rB2rC)#

1cos@Q•(rA2rD)#1cos@Q•(rB2rD)#

1cos@Q•(rC2rE)#1cos@Q•(rD2rE)#

1cos@Q•(rC2rF)#1cos@Q•(rD2rF)#

cos2(a/2)L(g11g22X,v) 1
2

s f

22cos@Q•(rA2rB)#2cos@Q•(rE2rF)#

1sin2(a/2)L(g11g21X,v)

L(2g1 ,v) 1
2

ss

12cos@Q•(rC2rD)#
-

vs(q)eı(2p/4)( j 21)(l 21), where the indexj P$1,2,3,4% labels
the positions of unit cells,sP$1,2% labels the two atomic
positions in a unit cell, (2p/4)(l 21) is a ‘‘reciprocal lattice
vector’’ q, and@v1(q),v2(q)#Á are obtained by diagonaliz
ing the ‘‘dynamical matrix:’’

G~q!ss85S 2~g11g2! g11g2e2ıq

g11g2e1ıq 2~g11g2!
D . ~B2!
-

m

This way one can show thatM5SLS21, where L is the
diagonal matrix:

L5Diag@0,22~g11g2!,2~g11g2!11,2~g11g2!21,

22g1 ,22g2 ,2~g11g2!11,2~g11g2!21# ~B3!

and
S5
1

A8 1
1 11 1 1 11 11 1 1

1 21 g11ıg2 2g12ıg2 21 11 g12ıg2 2g11ıg2

1 11 ı ı 21 21 2ı 2ı

1 21 2g21ıg1 g22ıg1 11 21 2g22ıg1 g21ıg1

1 11 21 21 11 11 21 21

1 21 2g12ıg2 g11ıg2 21 11 2g11ıg2 g12ıg2

1 11 2ı 2ı 21 21 ı ı

1 21 g22ıg1 2g21ıg1 11 21 g21ıg1 2g22ıg1

2 . ~B4!
d

be
is

ed
Furthermore,S215S†. The Fourier transforms of the con
figurationsXYZ are defined as

FXYZ5bfe
ıQ•rX1bse

ıQ•rY1bfe
ıQ•rZ, ~B5!

wherebf is the scattering length of the rapidly hopping ato
~in A, B, E or F), and bs the scattering length of the
slowly hopping atom~in C or D). Defining the row matrixF,

F5@FBCF ,FBDF ,FADF ,FACF ,FACE ,FADE ,FBDE ,FBCE#,
~B6!
the structure factor can then expressed as1
8 FSL(v)S†F†,

whereL(v) is the diagonal matrix containing the normalize
to 1 LorentziansL(v,l j ) of width l j wherel j is taken from
L. By convention a Lorentzian of width 0 is considered to
d(v). The algebra of the evaluation of this expression
truly considerable and uninspiring. The final result is list
in Table III.

APPENDIX C: CALCULATION FOR SIMULTANEOUS
JUMPS

Equation~6! follows from
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S~Q,v!5sF
1

A2
S 1 1

1 21D S d~v! 0

0 L~v!
D

3S 1 1

1 21D 1

A2
F†, ~C1!

where now

F5@eıQ•rA1eıQ•rC,eıQ•rB1eıQ•rD#. ~C2!

APPENDIX D: UNALTERED SITE OCCUPATIONS
REMAIN MUTE IN COHERENT MODELS

Let us just consider a system that can swap by an ato
jump between two~energetically equivalent! configurations.
The jump matrix will then be the same as the one that le
to Eq.~1!. After applying the same sorts of algebra as for t
model, the structure factor will read
ic

ds
s

1

4
@S1,1~Q!1S2,2~Q!22S1,2~Q!#L~G,v!1

1

4
@S1,1~Q!

1S2,2~Q!12S1,2~Q!]d~v!. ~D1!

whereG54p/t and we have introduced the notation

Sm,n~Q!5
1

2
@Fm~Q!Fn* ~Q!1Fn~Q!Fm* ~Q!#. ~D2!

HereFm(Q) is the Fourier transform of configurationj. The
quasielastic structure factor can be rewritten as

1

4
@F1~Q!2F2~Q!#@F1~Q!2F2~Q!#* , ~D3!

and in this expression all contributions from unaltered s
occupations cancel.
.

.
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s
d

7

-

-
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